/s and contrlled by the interfacial chemical reaction. For the reaction time of more than 90 s, the iron nuclei are detected on the wüstite sample and their magnitudes are gradually increased with time. The shape of developed iron nuclei is a pyramidal shape with a square base. The iron nuclei grow preferentially on the rearranged (100) surface of wüstite. This is because that the Fe nuclei can be easily formed on the (100) wüstite surface since there is a negligibly small mismatch between Fe and wüstite lattices. It has been found that the surface energy as well as the interface energy between Fe and wüstite affect the shape of iron nucleus.
Introduction
Iron nucleation during wüstite reduction has not been fully understood despite of its practical and theoretical importance, since wüstite reduction contains many reaction steps and influential factors. There were many investigations [1] [2] [3] [4] [5] [6] on the iron nucleation process. The effect of chemically active sites such as kinks, steps, grain boundaries and sample edges on the iron nucleation was qualitatively inferred by many researchers. But there were no quantitative studies about the effect of surface structures on the iron nucleation process.
Due to the non-stoichiometric character of wüstite, the reduction process takes place by two steps. Initially the reduction occurs within the range of wüstite phase existence, or simply the concentration of the cation defect in wüstite decreases. After its concentration reaches to that of wüstite-Fe equilibrium value, then Fe nucleation starts to occur. In the previous study, 7) we carried out experiments to understand the surface rearrangement mechanism during wüstite reduction. It has been found that the rearranged surfaces are mainly consisted of a set of singular planes of {100} and {111} depended on the initial grain orientations. Since the iron nucleation occurs on the rearranged surface, the structure of the rearranged surface possibly affects the iron nucleation process. In this study, the effect of the rearranged surface orientation on the iron nuclei growth direction has been investigated. The rearranged surface is observed by using a field emission scanning electron microscope (FE-SEM). The grain orientation is evaluated by using electron back scattering diffraction (EBSD) [12] [13] [14] method.
Experimental Work

Apparatus and Material Preparation
The general experimental technique was essentially the same as that used in the previous study. 7) In summary, wüstite samples of 5.0ϫ5.0ϫ0.5 mm dimensions were put in a platinum boat at the closed end of the silica reaction tube of about 14 mm of inside diameter and was heated by a normal resistance furnace with isothermal zone of 40 mm. The Pt boat was set at the center of the isothermal zone. The gas delivery was through a high purity transparent silica tube of 500 mm length and 4 mm inside diameter, which held by 10 mm before the surface of the sample. The reducing gas was dried by passing through silica gel column while the traces of CO 2 in the CO gas are removed by soda lime. The gas flow rates were controlled by mass flow controllers. All the reduction processes were carried out at 1073 K.
Reagent grade Fe 2 O 3 powder was used to prepare wüstite sample by melting in a heavy iron crucible and quenching Effects of the surface grain's orientation on iron nucleation process during wüstite reduction at 1073 K have been studied. Wüstite samples initially equilibrated for 432 ks with 50%CO-CO 2 gas mixture at 1073 K are reduced by using 75%CO-CO 2 gas mixture with varying reaction time. The surface orientation of each grain is determined by using Electron Back Scattering Diffraction (EBSD) technique, and the surface morphology and the development of iron nuclei are examined by FE-SEM.
The apparent reduction rate of wustite is about 1.78ϫ10 Ϫ8 mol/cm on a steel plate. Wüstite has a cation deficient structure so that its chemical and physical properties are strongly influenced by structural defects or its non-stoichiometry. Uneven distribution of these defects may disturb the proper evaluation of the surface structural effect on the iron nucleation phenomena. Thus near perfect homogeneity of the distribution of vacancies and holes in the bulk is highly desirable to study the structural effect. To establish the near perfect homogeneity of wustite, all pieces of wüstite were equilibrated at temperature 1073 K for extraordinary long time of 432 ks using 50%CO-CO 2 gas mixture with total flow rate of 8.33ϫ10 Ϫ3 m 3 /s (500 cm 3 /min). By this equilibration, wüstite has been confirmed to be in near perfect homogeneity. The details of this equilibration treatment and its results were described in the previous study.
7)
Reduction Procedure
The pre-equilibrated wüstite specimen of weight about 0.1 g was heated with flowing the 50%CO-CO 2 gas mixture of total flow rate 8.33ϫ10
Ϫ3 m 3 /s. After the temperature reached to 1073 K the samples were kept for 900 s at the same gaseous ratio. Then the reduction reaction was started by changing the gas ratio to 75%CO-CO 2 gas mixture of total gas flow rate of 8.33ϫ10
Ϫ3 m 3 /s for different reduction times of 15, 45, 90, 120, 300, 900, 1800 and 5400 s. The cooling process for the experiments was done by opening the separable upper part of the furnace without moving the samples with flowing the reaction gas.
Grain Orientation Measurement
The surface of the prepared wüstite sample for SEM or EBSP analysis was polished step by step by using the silicon carbide wet polishing papers, then diamond paste and finally colloidal silica (0.1mm) suspended solution. The polished wüstite samples were applied for carbon coating then the selected area for measuring was identified by the traces of Vickers indenter. Then the wüstite samples were subjected to the EBSP system to measure the surface grain orientations. In this study, we adopt the convention of referring to the crystallographic orientation of the grain by the direction of the normal to it and Miller index is used to present the orientation.
Results
Iron Nuclei Growth
The iron nucleation and its growth due to the reduction with 60%CO-CO 2 gas mixture has been investigated by varying the reaction time of 15, 45, 90, 120, 300, 900, 1800 and 5400 s. For the reaction time of 45 s, detectable iron nucleus was not observed while it might take place in atomic scale. The identification of Fe was confirmed from EBSD patterns. For the reaction time of more than 90 s, the iron nuclei were detected and their magnitudes were gradually increased with time. As a typical example, the surface of the grains with (4 2 13) after 90 s, that with (3 2 11) after 300 s and that with (3 2 12) clei size increases linearly with time. The grain orientations of (4 2 13), (3 2 11) and (3 2 12) are quite close each other just shown in Fig. 1(a) so that the difference among them simply results from the reaction time but not their orientations.
The apparent reduction degree as a function of reaction time is shown in Fig. 3 . The reduction degree is evaluated from the weight loss by the reduction. It is noted that the reduction degree after 1 h is only about 4 %. 
Effect of Grain Orientation
After the 90 s reduction, the iron nuclei were developed for all grains with various orientations. The developed iron nuclei on the grains with (6 1 26) and (6 1 14) after 120 s, those with (3 1 4) and (3 2 11) after 300 s, those with (5 3 8) and (4 1 10) after 900 s and those with (4 1 13) and (3 2 12) after 1.8 ks are shown in Figs. 4, 5, 6, 7 and 8 respectively. Their apparent macroscopic appearances are different each other depended on their initial grain orientations. The shape of all iron nuclei is pyramidal shape with square base.
Typically shown in Fig. 6 , however, the growth direction of iron nuclei are quite different depend on the initial grain orientation. For the grain with (4 1 10), the nuclei grow almost perpendicular to the rearranged surface. Iron nuclei on the grain with (538) grow almost parallely along the rearranged surface, and no nuclei grown perpendicularly to the rearranged surface are observed. As shown in Fig. 8 , iron nuclei on the (515) and (13 1 19) surface grow only on the edge of the rearranged surface and no iron nuclei are observed on the well-developed rearranged surface even after 1.8 ks. These results strongly suggest that there must be a preferable orientation for the iron nucleus growth relative to the rearranged surface. 
Discussion
Preferential Growth Orientation
The surface rearrangement occurs on wüstite surface before iron nucleation starts. In the previous study, it has been confirmed that the rearranged surface is developed so as to minimize the surface energy in the case of near-equilibrium conditions (slow reaction for growth), and the rearranged surfaces has been mainly consisted of a set of singular planes of {100} and {111} depended on the initial grain orientations. The equilibrium shape of the simple FCC structure is shown in Fig. 9 . 7, 11) In the present study, the reduction rate on wüstite samples is very slow compared with previously reported results. Thus it is possibly assumed that the reaction progresses with near equilibrium condition. If so, the rearranged surface must be (100) or (111) planes.
Bérnard 15) discussed that a close epitaxial relationship existed between wüstite and Fe crystal lattice. The relative position of two crystal lattices that are rotated by 45°with respect to each other is schematically shown in Fig. 10 . In this case, wüstite can grow on Fe (100) surface without any distortion. This relation means that the Fe nuclei can be easily formed on the (100) wüstite surface without any strains since there is a negligibly small mismatch between two lattices. On the 9 . Schematic specification of the rearranged surface with respect to the equilibrium shape of wüstite. In the figure, the developed rearranged surfaces with the initial orientation of (hkl) are consisted of two (111) planes and a (100) plane. wüstite (111) surface, however, there is no good epitaxial relationship between Fe and wüstite lattice. Thus, (100) plane is a preferable surface for iron nucleation. It means that iron nuclei must be developed on the (100) rearranged surface The rearranged surfaces on the grain with (538) are schematically shown in Fig. 11 . Its main parts are consisted of (111) and (100) planes. The angles between (538) plane and those of (100) and (111) planes are 36.1°and 21.1°re-spectively. From this relative arrangement, if the Fe nuclei formed only on the (100) surface, one of the sides of a Fe nucleus pyramid will be nearly parallel to the rearranged surface of wüstite just as observed in Fig. 6(b) .
The rearranged surfaces on the grain with (515) are schematically shown in Fig. 12 . For (515) surface, the rearranged surface mainly consists of two (111) planes. The (100) plane is appeared only at the end side of the prism illustrated in Fig. 12 . As shown in Fig. 8 , iron nuclei on the grain with (515) are formed only at the end sides of prismlike rearranged surface. The nucleation behavior on (515) is easily explained if the (100) plane is a preferential surface for iron nucleation. All observed iron nucleation behaviors can be explained based on the assumption that (100) plane is a preferable surface for iron nucleation.
Mechanism of Oxygen Removal Reaction
As shown in Fig. 8 , the rearranged surface of (111) planes are well developed on the grain with (13 1 19) and (515). The well-developed rearranged surface means that the oxygen removal reaction occurs continuously on these surfaces. Intriguingly, however, iron nuclei were not formed on those planes even after 1.8 ks. The oxygen removal reaction on wüstite with CO gas can be generally expressed by 16) CO ( (5) where O x O is a doubly charged oxygen ion occupying a normal lattice site, h˙ is an electron hole and VЉ Fe is a Fe divalent cation vacancy. The notation of defects in the present study is based on the method by Kröger et al. 17) From reaction (4), to accomplish the oxygen removal reaction, h˙ and VЉ Fe must be supplied to O ion discharge process, h˙ and VЉ Fe are produced at the surface. The produced h˙ and VЉ Fe around Fe nuclei can be transported to the oxygen removal reaction sites by surface diffusion and consumed by the reaction of (4). Namely, once iron nucleus is formed, the oxygen removal reaction is effectively carried out since h˙ and VЉ Fe can be supplied to the oxygen removal reaction sites from iron nuclei sites by the fast surface diffusion process. In other words, unpaired Fe 2ϩ ion does not move to cation lattice sites so that the surface concentration of Fe 2ϩ does not increase and iron nucleation hardly occurs on this surface. After the surface rearrangement developed, Fe starts to nucleate on (100) rearranged surface. Once iron nulei are formed on the (100) surface, produced Fe 2ϩ on (111) rearranged surface can be transported to the Fe nucleus on the (111) surface and converted to metallic Fe and produce h˙ and VЉ Fe . They are reversely transported the oxygen removal sites and the oxygen removal reaction is continued. Although the oxygen removal reaction on the (111) rearranged surafce is continued to develop, the Fe 2ϩ concentration on the (111) rearranged surface does not in-crease. This is the reason that iron nuclei were not observed on the well-developed (111) rearranged surface even after 1.8 ks as shown in Fig. 8. 
Rate Controlling Step
As discussed in Sec. 4.2, the diffusion process is expected to be very fast after the iron nucleation and the iron nuclei are formed after the reaction time of more than 90 s. However, as shown in Fig. 3 , the reduction rate is quite slow so that the rate controlling step is expected to be a interfacial chemical reaction step. Significant amount of studies for wüstite reduction have been carried out. However, the reaction surface areas in most of these studies were not well defined so that the evaluation of the chemical rate constant is quite difficult.
It has been well accepted that the very early stages of oxidation (tarnishing) of solid iron by CO 2 at elevated temperature is controlled by the rate of the interfacial reaction CO 2 with solid wüstite. [19] [20] [21] The surface of wüstite in the very early stages of oxidation can be microscopically flat and highly dense, and the reaction surface area is geometrically well defined. The closely agreeing results [19] [20] [21] [22] from the available oxidation studies as summarized by Turkdgan and Vinters 19) are reproduced in Fig. 13 . In the initial stages of oxidation, the oxygen activity near the surface is close to that for iron-wüstite equilibrium. Grabke 23) measured the rate of oxygen transfer to and from CO 2 -CO mixtures using isotope exchange technique. He found that the rate as a linear function of p CO 2 and the rate constant inversely proportional to (p CO 2 /p CO ) Ϫ1/3 . Accordingly, it follows from the principle of microscopic reversibility that apparent first order-rate constant for the reaction of CO should be proportional to ( p CO 2 /p CO ) 2/3 over the same experimental conditions. Thus, from the results shown in Fig. 14 , the rate of reduction of solid wüstite in CO 2 -CO atmospheres should be given by the equation: (7) where a O is the equilibrium activity of oxygen in wüstite, the standard state being unit CO 2 /CO ratio. From the Eq. (7), the reduction rate of wüstite (initially equilibrated with 50%CO-CO 2 , or a O ϭ1) with 75%CO-CO 2 gas mixture at 1073 k is calculated to be 2.4ϫ10 Ϫ8 mol/cm 2 /s. This compares favorably with the apparent reduction rate shown in Fig. 3 , namely, about 1.78ϫ10 Ϫ8 mol/cm 2 /s. This reasonable accord means that the reduction rate of wüstite in the present studies is controlled by the interfacial chemical reaction just as expected.
Shape of Iron Nuclei
The equilibrium shape of BCC iron that had lowest surface energy is known to a dodecahedron consisted of 8 {110} and 4 {100} surfaces with counting 1st nearest neighbor interaction.
11) It is schematically shown in Fig. 14 . It was reported that ultra fine particle produced by the evaporation in the inert atmosphere had the dodecahedron shape. 24, 25) The shape of developed iron nuclei on wüstite in the present study is pyramidal shape with square base and does not reflect the any part of the equilibrium decahedron of BCC structure. It means that the produced iron nucleus does not necessarily grow to minimize the surface energy. In the case of vacuum evaporation, the shape of Fe fine particles can be simply determined by the surface energy without a disturbance from circumstances. For the iron nucleation on wüstite, not only the surface energy but also the interface energy between Fe and wüstite must affect the shape of iron nucleus. It can be the reason that the shape of iron nuclei on wüstite is not the same to the equilibrium shape of BCC iron.
Conclusions
(1) The shape of developed iron nuclei on wüstite is all pyramidal with square base.
(2) The iron nuclei grow preferentially on the rearranged (100) surface of wüstite. This is because that there is a negligibly small mismatch between Fe and wüstite lattices.
(3) The surface energy as well as the interface energy between Fe and wüstite affect the shape of iron nucleus.
(4) The apparent reduction rate of wüstite (initially equilibrated with 50%CO-CO 2 , or a O ϭ1) with 75%CO-CO 2 gas mixture at 1073 K is about 1.78ϫ10
Ϫ8 mol/cm 2 /s and is contrlled by the interfacial chemical reaction. 
